A brief review is given of the types of silicon and germanium detectors used or presently being developed for nuclear experiments. Large-area silicon and germanium detector telescopes for use in long-range particle detection and identification are emphasized. Large area position-sensitive detectors are also described.
I. INTRODUCTION
The past ten years have seen a remarkable change in semiconductor radia tion detectors and detector systems. High-purity germanium' ' has opened new applications in the gamma ray and particle telescope fields; large dia meter detector grade silicon has likewise improved particle telescope and position-sensitive detector capabilities.
• The silicon wafers in this example had been implanted with 120 keV phosphorous ions to a dose of 7.5 x 10 /cm". Under high dose rate conditions it is possible to produce 'banding-on the wafer. These bands, which have visible colors associated with them, are regions of damage. The TEM cross section was formed by cleaving slices from the wafer and very carefully thin ning the specimens down to allow the TEM examination. The RBS spectrum was obtained by using a 1.7 HeV He beam and aligning the sample so that the beam was channeled down the (1,1,1) crystal axis. The peaks labelled Gj, G ? and G, correspond to the wafer surface, and damage regions Dj and D 2 respectively in the TEM micrograph. The regions F, and F, are relatively damage free and appear as valleys in the RBS spectrum. The damage regions are about 900 A in width and the total depth being studied is 2500 A. The RBS analysis is in close agreement (± 5*) with the TEM measurements.
II. SEMICONDUCTOR DETECTOR MATERIALS AMD TECHNOLOGIES

A) MATERIALS AND DETECTORS
To assist the discussion in the subsequent sections, we need to examine briefly some basic aspects of semiconductor detector technology. For this purpose, we consider a semiconductor detector to be of the form shown in Fig. 3' ' . Some of the physical properties of the semiconductor materials used in semiconductor detectors are listed in Table 1.' '. Germanium and silicon have been widely used in detector fabrication. Excellent crystal Unity, purity, crystal size, and extremely small trapping concentrations for charge carriers are responsible for their wide use. Ger manium must be operated below 150*K to eliminate the effects of the thermally generated leakage current noise. Despite this need for cooling, germanium detectors have revolutionized the field of gamma-ray spectroscopy and more recently have begun to play an important role in charged-particle spectroscopy.
Silicon is used at room temperature in the majority of charged particle applications. For low energy (<30 keV) X-ray detection silicon must be cooled below 200°K to eliminate the leakage current noise. The small photoelectric cross-section of silicon makes it unsuitable for most gamma ray applications and its use is principally in charged particle and X-ray detection.
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The compound semiconductors, cadmium-telluride (CdTe) and mercuric-iodide (Hgl,) were initially investigated as materials with high photoelectric cross-sections and a wide energy band gap which would allow, theoretically, room temperature operation of gamma ray detectors. At the present time these materials are limited to rather small areas and very thin depletion layers, and are finding applications in low-energy room temperature X-ray detection. We consider only silicon and germanium detectors in the following sections.
B) ASPECTS OF DETECTOR TECHNOLOGY
Detector Contacts:
The charge produced by the incident radiation in the semiconductor crystal is collected by applying an electric field, as shown in Fig. 3 , across the detector. The field is produced by reverse biasing a rectifying semiconductor junction. The contacts in Fig. 3 are shown as N and P layers, which in fact are present only with diffused,' ' implanted,' ' or epitaxial regrown (121 heavily doped* ' layers. Metals are also used to form rectifying contacts f 13 V called Schottky barriers or surface barriers* ' which for our purposes we can regard as N and P contacts.
Various approaches have been employed to produce rhin, low leakage cur rent contacts which will permit the application of the required electric fields (-1000 volts/cm) to obtain complete charge collection. Table 2 lists some of the present contact technologies in use on germanium and silicon detectors which will sustain the required fields while minimizing the bulk leakage current.
Surface Passivation:
Leakage currents can also be generated on the surfaces (sides in Fig. 3 ) of detectors. Various techniques are employed to minimize and stabilize these surface leakage currents; growth'of silicon dioxide,* ' encapsulation in epoxy, coating with special paints,' ' deposition of insulator semiconduc tor films,' ', and special shapes for the device itself.' ' Each of these techniques has an area of application and the large number of semiconductor detectors in use indicate that these passivation techniques are reasonably successful in controlling the surface leakage currents. In fact multiple detector particle telescopes, which form the main topic of this paper, are dependent on the availability of detectors with stable surfaces. The development of detector arrays has also been dependent on this technology.
III. MULTIPLE ELEMENT DETECTOR TELESCOPES A) GENERA'. CONSIDERATIONS
Germanium and silicon detectors with thicknesses greater than those given in Table 1 are difficult to fabricate. The energy detection properties of devices with thicknesses given in Table 1 are shown in Fig. 4 where the approx imate maximum particle energy that can be stopped in the detector is plotted as a function of the atomic number of the particle.' ' To measure longer ranged particles, a stack of detectors can be used as shown in Fig. 5 . This arrangement is called a multiple-element detector telescope. In some tele scopes position-sensitive detectors (drift chambers, multi-wire proportional counters, or position-sensitive semiconductor detectors) are used at the entrance to define the particle trajectory through the telescope.' ' In applying semiconductor detectors to long-range particle detection, two factors which are usually insignificant at lower energies need to be consi dered: nuclear reactions and multiple scattering within the detectors. Longrange particles, have a high probability of being scattered out of the detec tor telescope during passage through the stack. For example, it has been calculated that a narrow beam of 200 MeV protons will spread into a beam with a standard deviation of 1 cm at the end of its approximately 10 cm track in germanium.' ' Therefore to reduce scattering losses, tight collimation or large area detectors need to be employed. For particles having an atomic number Z = 2 or greater, scattering can be ignored.' ' The calculated fraction of protons undergoing nuclear reactions in silicon (211 and germanium is shown in Fig. 6 .
' The neutrons, charged particles, or gamma rays produced by these nuclear reactions have a high probability of escaping from the detector and thereby causing a loss of signal energy.
Energy is lost also in the reaction itself. For higher Z particles the 1/3 nuclear reaction probability increases slowly (~ A ' ).
Applications for these multiple-element detector telescopes can be classi fied into two groups: particle spectroscopy and particle identification. Par ticle spectroscopy normally involves detection of one species (e.g. protons).
The signals from the individual detector elements are used to reject those particles that have undergone scattering or have been involved in nuclear reactions.
In particle identifier applications, the individual signals from the detectors are combined in a particle identifier (P.I.) algorithm to determine the particle type. The procedure is an extension of earlier dual detector { 221 particle identifier algorithms. 1 To distinguish between heavy ions of only slightly different mass the par ticle energy loss through the telescope must be well known. This requires thct thickness uniformity of the detectors be small (< 1% ) and that the par ticle trajectory through the telescope be known. Position sensitive detectors are commonly employed with these telescopes to establish the particle trajec tories. Further calibration with known beams are usually employed to determine detector non-uniformities (both thickness and signal) and to establish the overall telescope performance.
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The availability of multiple-element particle telescopes has been depen dent on specific improvements of the detector material and innovations in detector processing. High-purity germanium has made possible germanium particle telescopes. Prior to this, fabrication of germanium telescopes with lithium-compensated germanium [Ge(Li)] detectors was frustrated due to the high lithium mobility in germanium and consequent decompensation during handling of the detectors at room temperature. High-purity germanium has circumvented this problem. Further, the development of implanted N and P contacts (~ 300 -500 A) on these detectors has yielded detectors which can be thermally annealed to remove radiation damage effects in the detector without increasing the contact thickness. This latter point is very important in application to particle identifier telescopes, since changes in the contact thickness can produce gaps in the spectrum or alter the telescope signal characteristics and thereby destroy the calibration accuracy. 
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The ISEE-C telescope has been in orbit for almost three years <ind has iden tified several anomalies in the cosmic ray composition. Some recent results obtained with this telescope are given in Fig. 10(a) which shows a scatter plot obtained from cosmic rays as measured on the satellite. This plot is comparable to the calibration data of Fig. 9 . The mass histogram for the nitrogen component of the cosmic rays is given in Fig. 10(b) . ' Another area where silicon particle identifier telescopes have been employed is to study neutron rich light nuclei produced by heavy ion fragmentation.* ' The detectors in this telescope are simila-to those of the ISEE-C satellite telescope^ having very uniform thicknesses. As noted earlier, the detection of Fe isotopes required thickness tolerances of about ± 0.2%. The identifier capa bility of these telescopes is dependent on the detector uniformity. The toler ance on the thickness variations that can be allowed varies approximately as 2 1/Z of the incident particle, so that extension of this technique to the isotopes of elements with Z > 26 will be difficult.
In one fragmentation experiment conducted at the BEvY.LAC, a 200 MeV/Nu-48 ? cleon Ca beam with a 1 gin/cm Be target was used to produce the neutron rich light nuclei. The fifteen new particle stable isotopes identified are shown in Fig. 11 . The mass resolution again is approximately 0.2 amu.
Multiple-Element Spectroscopy Telescopes:
In many experiments involving long range particle detection where few particle species are present, the capabilities of the multiple element tele scope can be employed to substantially improve the specra 1 resolution. In these applications the detector thickness uniformity is not as critical as with particle identification. What is important is the total stopping power of the telescope. Because of its higher stopping power, greater detector thickness, plus the capability of annealing radiation damage (either external or in situ), multiple-element germanium telescopes are finding increased use in long range particle spectroscopy. An eight-element, 10-cm high-purity germanium tele scope, 8. 
IV. DISCUSSION
In the nreceeding sections we have considered a few applications where, due to low particle flux or high prohability of particle scattering, large diameter semiconductor detector? are required. The availability of material for the fabrication of these large detectors is, however, somewhat tenuous.
The development of high-purity germanium has been one of the more noted accomplishments in the detector field in the past decade. Several new analy tical techniques have been developed and the physics of ultra-pure germanium has been substantially advanced.* 3 ' Additional understanding of the purification process is still actively being pursued. For example, the concentration of carbon and carbon clusters which can cause acceptor levels in combination with hydrogen has been found to be considerably higher than was guessed previously.' ' Germanium material research has been focused on obtaining detector grade material. While material is available for large-area (60 mm diameter) detectors, the high cost (S10 -$20/g) is somewhat indicative of the difficulties in its production.
In contrast to germanium, there has been little research published in recent years on detector-grade silicon. Processing and economic factors have made most silicon detector manufacturers dependent on silicon sources which are closely allied with the semiconductor electronics industry. Detector grade material with diameters up to 80 mm is available, but frequently is a by-product of the normal crystal production. Optimization of the silicon crystal processing intended for the electronics industry can lead to silicon that is less perfectly suited for detector fabrication. A recent study on a few 50 mm diameter crystals where the cooling rate during crystal growth had been modified, indicated the presence of micro-impurity regions in the crystals. The modifications improved the silicon for its use in the electronics industry, but reduced the material quality for detector applications.
Research and development on the compound semiconductor materials, cadmium telluride and mercuric iodide is being conducted by a few groups. Progress in crystal Improvements here has been slow but promising. The recent development of cadmium telluride crystals containing chlorine to eliminate polarization effects is indicative of the progress being made.
The semiconductor detector material situation is not as advanced as we would like. It is still evolving. However the few experiments we have described demonstrate that, with suitable material and processing, exciting results in radiation measurement can be achieved with semiconductor radiation detectors. XBL752-316
